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Magnetic-Field-Induced Growth of 
Single-Crystalline Fe;04, Nanowires** 


By Jun Wang, Qianwang Chen,* Chuan Zeng, 
and Binyang Hou 


In the past decade, considerable attention has been drawn 
towards one-dimensional (1D) nanostructured materials, in- 
cluding nanotubes,"!! nanorods,”! and nanowires," because of 
both their interesting physical properties and their wide range 
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of potential applications in nanodevices.**! Much effort has 
been made to understand the magnetic,'* electronic,!”! and op- 
tical!®! properties of these nanostructures because they exhibit 
novel physical and chemical properties, differing from those 
of their bulk counterparts, due to their reduced size and large 
surface-to-volume ratios. 

To date, various approaches have been developed for the 
preparation of 1D magnetic materials such as magnetic metals, 
alloys, and metal oxides. For example, a hard-template process 
such as that using the anodic aluminum oxide (AAO) template 
is an effective approach for electrochemical deposition of met- 
als and alloys.?-!”! However, the process tends to yield poly- 
crystalline nanowires. Soft-template (lecithin)!*"“! and redox 
methods, >! on the other hand, can easily lead to the forma- 
tion of acicular particles. So far, a process for preparation of 
single-crystalline nanowires of magnetic materials is still lack- 
ing. For example, to the best of our knowledge, single-crystal- 
line Fe3O,4 nanowires have not been reported in the literature. 
It is known that magnetic materials possess easy magnetic 
axes. Fe3O,, for example, has easy magnetic axes along the 
[111] and [110] directions."*! Therefore, an applied external 
magnetic field might induce oriented growth, for example 
along the easy magnetic axis, which could result in the forma- 
tion of 1D nanostructures of magnetic materials. However, no 
significant oriented growth, especially 1D growth, was ob- 
served in approaches with an induced magnetic field.?°~4! For 
example, only arborescent aggregates were obtained in elec- 
trochemical growth of iron under a 0.6 T magnetic field.°! 
One-dimensional structure is indeed a product of oriented 
growth of materials, determined by its growth character and 
complex experimental conditions such as temperature, pres- 
sure, and addition of surfactant. Therefore, experimental con- 
ditions need to be carefully selected and well controlled to 
show the effect of magnetic field on the growth of magnetic 
materials. So far, little attention has been paid to the crystalli- 
zation behavior of magnetic materials in an aqueous system 
under an external magnetic field. In this communication, we 
report the preparation of ferromagnetic Fe30,4 nanowires by a 
hydrothermal process with an external magnetic field applied. 

As shown in Figure 1, the sample formed under a magnetic 
field is pure Fe;O, without any impurity phases. Méssbauer 
spectrum analysis was also carried out to confirm the forma- 
tion of Fe304. The spectrum (not shown) consists of two 
hyperfine magnetic sextets (Hn: 49.22 T and 46.02 T), one for 
the Fe** tetrahedral site and the other for the mixed valence 
Fe*>* octahedral site. This result also shows that the sample is 
not y-Fe2O3 but Fe;0,.°761 In Figure 1, the broadening of 
reflection peaks is obvious, which indicates the formation of 
ultrafine particles. It was also found that the weak peak (422) 
became as strong as the peak (511), which might originate 
from the growing orientation of particles. 

Figure 2 shows transmission electron spectroscopy (TEM) 
images of representative samples prepared under external 
magnetic fields, which clearly reveal the effect of magnetic 
field on the nucleation and growth process of Fe30,. Without 
a magnetic field applied, Fe;O, particles (50 nm) are square 
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Figure 1. XRD pattern of the sample prepared under a 0.25 T magnetic 
field. 





Figure 2. TEM images of the samples obtained in zero magnetic field 
(A), and 0.15 T (B), 0.25 T (C), and 0.35 T (D) magnetic fields. 


and hexagonal in shape (Fig. 2A). Interestingly, the morphol- 
ogy changed drastically when an external magnetic field was 
applied. In addition to square particles, nanowires were ob- 
served in the sample when a 0.15 T magnetic field was applied 
(Fig. 2B). When the strength of the magnetic field was 
increased to 0.25 T, the ratio of the nanowires to square parti- 
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cles was about 2:3, as estimated from the TEM image 
(Fig. 2C). When the strength reached 0.35 T, the morphology 
of Fe;0, changed again: a large number of nanowires and a 
fibrous nanostructure of Fe;0,4 formed (diameter 20 nm and 
length about 0.8 um), accompanied by the disappearance of 
the square particles (Fig. 2D). The results clearly show that 
the external magnetic field could be responsible for the for- 
mation of nanowires and nanofibers in large quantities. 

When a 0.25 T magnetic field was applied, the diameter 
and length of the typical nanowires were 35-100 nm and 0.48— 
2.7 um, respectively (Fig. 2C). A representative TEM image 
of a Fe3O,4 nanowire is shown in Figure 3A. The electron dif- 
fraction (ED) pattern (the inset of Fig. 3A) obtained along a 
typical individual nanowire confirms the FeO, nanowire to 


0.48 nm 


Figure 3. Representative TEM image of a typical Fe;O04 nanowire (A); the 
inset in (A) shows an ED pattern of the individual Fe;0, nanowire. 
B) HRTEM image of the nanowire (boxed area in (A)). The Fe3O4 nano- 
wire was prepared under a 0.25 T magnetic field. 


be single crystalline. The high-resolution transmission elec- 
tron microscopy (HRTEM) image of the boxed area in Fig- 
ure 3A further supports the single-crystalline nature of these 
Fe30, nanowires (Fig. 3B). The lattice fringes (~0.48 nm) 
observed in this image agree well with the separation between 
the (111) lattice planes. Combined with the ED results it is 
confirmed that the nanowires grew along [110], one of the 
easy magnetic axes of Fe3O4. 

It seems that the Lorentz force plays a role at the level of 
individual ions in the aqueous solution, inducing the preferen- 
tial nucleation and growth of Fe3O4. Possibly the surface ten- 
sion anisotropy is imposed in Fe3O, crystal growth and the 
morphology symmetry breaking is induced by the extra mag- 
netic field associated with nanowires. A detailed analysis of 
magnetic effects is complex due to the lack of in situ observa- 
tion results. Nevertheless, we can conclude that magnetic 
fields could induce nanowire growth along the easy magnetic 
axis of Fe3O0, in aqueous solution. 
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As mentioned above, beside nanowires some square and 
hexagonal particles were also formed in the reaction under 
0.15 and 0.25 T magnetic fields (Fig. 2B,C), which is quite 
similar to what is formed in a hydrothermal process without a 
magnetic field. In the reaction cell with a 0.25 T permanent 
magnet installed in its bottom, the strength of the magnetic 
field measured by a Tesla meter decreases from the lower 
inner surface (0.25 T) to the top surface (0.04 T) in the cell. 
The nucleation and growth of Fe30, take place in the areas 
with weaker magnetic field strength, such as the area near the 
top surface, which would result in the formation of square and 
hexagonal particles rather than nanowires. To verify the above 
speculations, a similar reaction was carried out in a cell with a 
magnetic field of 0.15 T applied. TEM studies show that the 
yield of Fe30, nanowires decreases significantly compared 
with that under an external magnetic field of 0.25 T, which 
reveals that the magnetic field is the source of the wire-like 
growth of Fe3O, particles and the yield depends on the 
strength of the magnetic field applied. It is expected that more 
interesting results would be obtained if the strength of the 
magnetic field could be adjusted continuously. 

Figure 4 shows magnetic hysteresis curves for the samples 
measured at room temperature. It shows that sample B (mix- 
ture of particles and nanowires) (0.25 T, Fig. 4B) and sam- 
ple C (nanowires and fibrous nanostructure) (0.35 T, Fig. 4C) 
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Figure 4. Magnetic hysteresis curves measured at room temperature for 
the samples prepared by a hydrothermal process with zero (A), 0.25 T 
(B), and 0.35 T (C) magnetic field applied. 


have saturation magnetization of 39.5 emu/g and 35.2 emu/g, 
respectively. Both of them are lower than the 68.7 emu/g of 
sample A (Fig. 4A). Although the source of low saturation 
magnetization is not clear, the high shape anisotropy of the 
nanowires, preventing them from magnetizing in directions 
other than along their easy magnetic axes, might be a major 
reason. With a random orientation of nanowires, the projec- 
tion of the magnetization vectors along the field direction will 
be lower than that for a collection of nanoparticles without 
the large shape anisotropy effect. On the other hand, pinning 
of the magnetic domains in Fe3O, nanowires might also be 
responsible for the low saturation magnetization. Magnetic 
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domains in the nanowires are oriented parallel, perpendicular, 
and even antiparallel to the measured magnetic field. The 
diameters of the nanowires are around the critical size 
(54 nm) of Fe3O, single domains.” The antiparallel magnetic 
domains, for example, must overcome much higher energy 
barriers to align in the direction relative to the measured mag- 
netic field due to the spatial confinement effect in the direc- 
tion perpendicular to the nanowires. Further work should be 
done to clarify the physical origin completely. 

In conclusion, it is observed that an external magnetic field 
can significantly influence the growth behavior of nanoparti- 
cles formed in a hydrothermal system. Single-crystalline nano- 
wires of Fe30, with diameters of 35-100 nm and lengths of 
about 0.48-2.7 um were formed under a 0.25 T magnetic field; 
increasing the strength of the magnetic field can increase the 
yield of nanowires, while square and hexagonal particles are 
formed under zero magnetic field. HRTEM and ED results 
confirm that the single-crystalline nanowires grow along 
[110], showing that the external magnetic field results in 
growth of Fe30, nanowires along one of its easy magnetic 
axes. However, only a lower saturation magnetization was 
observed in the sample, which was explained in terms of the 
pinning of antiparallel magnetic domains in Fe30,4 nanowires 
due to the spatial confinement effect and the high shape an- 
isotropy of the nanowires, which prevents them from magne- 
tizing in directions other than along their axes. It is expected 
that this process could be a promising technique to synthesize 
1D nanostructures of other magnetic materials. 


Experimental 


The reaction cells were self-made with permanent magnets under a 
Teflon (poly(tetrafluoroethylene)) lining. The strengths of the mag- 
netic fields on the inner lower surface of the cells were 0, 0.15 T, 
0.25 T, and 0.35 T, respectively. The chemical reagents used were fer- 
rous chloride (FeCl:-4H2O), sodium hydroxide (NaOH), and diamine 
hydrate (H4N2-H20, 50 % water). All the chemicals were of analytical 
grade. Distilled water, degassed with N> gas for half an hour, was used 
for the preparation of an aqueous solution of Fe’* ions (0.1 mol/L). 
Fe** solution (30 mL) was put into a Teflon-lined stainless autoclave, 
and sodium hydroxide (0.6 g) was dissolved into H4N2-H2O (5 mL) 
and then the mixture was slowly dropped into the autoclave. During 
the experiment, N> was continuously passed through the solution to 
prevent the oxidation of Fe’* in the system. The autoclave was put 
into an oven, kept at 130 °C for 6 h, and then cooled to room temper- 
ature naturally. The products were filtered and washed several times 
with distilled water and absolute ethanol, and finally dried in vacuum 
oven at 25 °C for 12 h. All the other parameters were fixed as the 
strength of the magnetic field changed. 

X-ray diffraction was performed on a Rigaku X-ray diffractometer 
with high-strength Cu Ka radiation. TEM images were taken with a 
Hitachi model H-800 transmission electron microscope, using an ac- 
celerating voltage of 200 kV. HRTEM images were taken on JEOL- 
2010 high-resolution electronic microscope with an accelerating volt- 
age of 200 kV. Their magnetic properties were evaluated on a BHV- 
55 V.S. vibrating sample magnetometer (VSM), and the field reached 
up to 0.5 T. 
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Rational Design of Macrocellular 
Silica Scaffolds Obtained by a Tunable 
Sol-Gel Foaming Process 


By Florent Carn, Annie Colin,* Marie-France Achard, 
Hervé Deleuze, Zoubida Saadi, and Rénal Backov* 


By considering the extraordinary number of shapes of hier- 
archically organized materials that exist in nature, researchers, 
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including chemists, physicists, and biologists, are striving to re- 
produce those morphologies in the laboratory. Their efforts 
have led to the ever-growing field of so-called “bio-inspired” 
materials.">! While micro- and mesoscale void-space textura- 
tion is a rather well established method today,'*"!! supermeso- 
or macroscale morphosynthesis (i.e., pore sizes >50 nm) is a 
more recent development."'?"" Thus, monolith-type materials 
with hierarchical porosity attract considerable attention due 
to their wide scope of applications.!'”"*! In the context briefly 
described above, Bagshaw, using metastable non-ionic surfac- 
tant air—liquid foams induced by strong stirring, was able to 
achieve void spaces with a high polydispersity of 200-500 um 
and random shapes.'*! It was claimed that the macroscale 
morphologies were tuned by changing the turbulence of the 
reaction media, which is certainly a very difficult parameter to 
control. However, even if the final monolith-type materials 
appear strongly inhomogeneous at the macroscopic level, this 
method has the double advantage of simplicity and low cost. 
In this study, we present an alternative method which makes 
use of a bubbling process to produce air—liquid foams. This 
method allows complete control over the cell sizes and shapes 
of the bubbles and a more facile tunability of the liquid frac- 
tion of the foam. In addition, the macroscale morphology of 
the silica scaffolds can be controlled by the pore size of the 
glass disk employed during the bubbling process. Further, the 
final monolith-type materials possess meso- and macroscale 
hierarchically organized void spaces where, for the first time, 
the macroscale inorganic-polymer morphologies (i.e., length, 
width, and curvature of the Plateau borders) can be tuned al- 
most on demand. In order to both fully mineralize the Plateau 
borders of the foam and assure mesoporosity, the methodolo- 
gy described here is not based on the common ceramic pro- 
cessing technique. Usually, slurry mixing of organic polymer 
fibers with an inorganic powder is followed by thermal treat- 
ment allowing removal of the organic polymer core. Instead, 
we induced silica condensation within the macroscale confin- 
ing media of the air—liquid foam. As the foam is a metastable 
system, and as the sol-gel process and the foam preparation 
require antagonistic experimental conditions, a rigorous and 
careful synthetic procedure must be applied. First, because al- 
cohol is a poison to foam, most of the ethanol produced by 
the hydrolysis of tetraethylorthosilicate (TEOS) must be 
evaporated before beginning the bubbling process. We thus 
started the bubbling process when the TEOS hydrolysis was 
finished. Second, during the foam production we were able to 
produce foam with calibrated bubble sizes. To achieve this, we 
chose the pH range carefully in order to obtain a medium ag- 
gregation kinetic of the nanoparticles while minimizing the 
viscosity of the aqueous media. Third, as the foam must be 
stable during the sol-gel process, a mixture of gases (per- 
fluorohexane and nitrogen) was employed to limit Ostwald 
ripening. Additionally, to overcome coalescence of the bub- 
bles, we made use of a cationic surfactant.°! The major cause 
of destabilization in such foams is drainage, i.e., the flow of 
the liquid between the bubbles due to gravity. In order to 
minimize this phenomenon, we wet the foam from above with 
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